Purpose: While the addition of radiation to chemotherapy improves survival in patients with locally advanced pancreatic cancer, more effective therapies are urgently needed. Thus, we investigated the radiosensitizing efficacy of the novel drug combination of Wee1 and PARP1/2 inhibitors (AZD1775 and olaparib, respectively) in pancreatic cancer.
Introduction
Radiation is in an important component of therapy for locally advanced pancreatic cancer and in combination with concurrent gemcitabine or 5-fluorouracil is the standard of care for locally advanced disease. In combination with gemcitabine, radiation significantly improves patient survival compared with gemcitabine treatment alone (1) . While recent studies from our group and others suggest that intensification of highly conformal radiation may extend survival in locally advanced patients beyond the approximate 1-year survival associated with standard chemoradiation therapies, more effective therapies are urgently needed (2, 3) . Because approximately 30% of patients with pancreatic cancer die from local disease progression (4), management of local disease is a critical issue. Thus, in the present study, we have focused on a strategy to improve therapy for local disease by using a novel combination of molecularly targeted agents as radiation sensitizers in pancreatic cancers.
Inhibition of the DNA damage response is a promising strategy for sensitizing cancer cells to the lethal DNA double-strand breaks (DSB) induced by ionizing radiation (5) . We have previously shown that inhibition of checkpoint kinase 1 (Chk1) sensitizes pancreatic cancer cells and xenografts to radiation by mechanisms involving abrogation of the radiation-induced G 2 checkpoint (via Cdc25A stabilization and Cdk1 activation) and inhibition of homologous recombination repair (HRR; ref. 6 ). Furthermore, we have shown that this sensitization is even greater in the presence of gemcitabine-based chemoradiation (7) . Similar to Chk1, the Wee1 kinase has also been identified as a therapeutic target. Wee1 inhibition by the small-molecule AZD1775 (formerly MK1775) radiosensitizes TP53-mutant solid tumors (8, 9) . Inhibition of Wee1 has been shown to cause abrogation of the radiation-induced G 2 checkpoint (via activation of Cdk1) and, in addition, lead to impaired HRR (10) as well as to the induction of replication stress and DNA DSBs (the latter regulated by Mus81-Eme1 endonuclease; refs. 11, 12) . The tumor cell selectivity of sensitization by Chk1 or Wee1 inhibitors is based, in part, on the presence of TP53 mutation (13) (14) (15) . TP53-mutant tumor cells are more sensitive to G 2 checkpoint abrogation due to their lack of a G 1 checkpoint, whereas TP53 wild-type normal cells are protected from G 2 checkpoint abrogation by their intact G 1 checkpoint. Because pancreatic cancers have a high incidence of TP53 mutation (16) , inhibition of Wee1 is a promising approach for selectively sensitizing pancreatic tumors to radiation.
While the use of single molecularly targeted agents has demonstrated modest therapeutic benefits, there is growing interest in targeting multiple pathways or multiple steps within a single pathway to produce even more effective cancer therapies. In this context, combinations of agents that target the DNA damage response are an exciting new area of investigation. The combination of Chk1 and Wee1 inhibitors, for example, has synergistic antitumor activity through mechanisms involving both premature mitotic entry and increased DNA damage (17, 18) . Given the synthetic lethality of PARP inhibitors in BRCA1/2-mutant or HRR-defective cancers (19) , combining PARP inhibitors with agents that inhibit HRR is another major area of investigation. Because radiosensitization by PARP inhibition is also more effective in DNA DSB repair-defective tumor cells (20, 21) , this strategy has been extended to radiation studies as well (22, 23) . While direct inhibitors of HRR are in the very early stages of development (24) , there are a few agents which have been shown to indirectly inhibit HRR, including small molecules targeting Chk1, Wee1, PP2A, Hsp90, and EGFR (7, 10, 22, 25, 26) . For example, by reducing Rad51 and BRCA2 protein levels, the Hsp90 inhibitor 17-AAG has been shown to inhibit HRR and thus cause additive radiosensitization in combination with PARP inhibition (22) . In addition, we have previously shown that the combination of a Chk1 inhibitor with olaparib produces highly significant radiosensitization preferentially in TP53-mutant cancers through mechanisms that involve HRR inhibition and G 2 checkpoint abrogation (23) .
In this study, we sought to test the combination of the Wee1 inhibitor AZD1775, a first-in-class agent currently in phase I/II clinical trials, and the PARP1/2 inhibitor olaparib, currently in phase III clinical trials, as a radiosensitizing strategy in pancreatic cancers. We hypothesized that Wee1 and PARP inhibitors would interact to produce greater radiosensitization than either agent alone. To test this hypothesis, we assessed radiation survival in pancreatic cancer cells treated with AZD1775 and olaparib. When we found that simultaneous inhibition of Wee1 and PARP produced highly significant radiosensitization in pancreatic cancers, we went on to investigate the contributions of cellcycle checkpoint abrogation and HRR to the mechanisms of radiosensitization. In addition, we tested the ability of AZD1775 and olaparib to sensitize in vivo in human pancreatic cancer xenograft models.
Materials and Methods

Cell culture and drug solutions
MiaPaCa-2 and AsPC-1 cells were obtained from and authenticated (via short tandem repeat profiling) by the ATCC (2009 and 2011, respectively). Cells used for this study were cryopreserved within 6 months of authentication. Cells were grown in DMEM (MiaPaCa-2) or RPMI-1640 (AsPC-1) supplemented with 10% FBS (Life Technologies), 2 mmol/L L-glutamine (Sigma), and antibiotics. For in vitro experiments, AZD1775 (Axon Medchem) and olaparib (AstraZeneca) were each dissolved in dimethyl sulfoxide (Sigma) and stored in aliquots at À20 C. For in vivo experiments, AZD1775 was suspended in 0.5% methylcellulose (Sigma) and stored for a maximum of 5 days at room temperature with constant stirring, and olaparib was dissolved in dimethyl sulfoxide and diluted as needed in 10% 2-hydroxypropyl-b-cyclodextrin (Sigma).
Clonogenic survival assays
Cells treated with drugs or radiation were processed for clonogenic survival as previously described (27, 28) . The radiation enhancement ratio was calculated as the ratio of the mean inactivation dose under control conditions divided by the mean inactivation dose after drug exposure
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Flow cytometry
Cells were trypsinized, washed with ice-cold PBS, and fixed at a concentration of 2 Â 10 6 cells/mL in ice-cold 70% ethanol. For gH2AX analysis, samples were incubated with a mouse anti-gH2AX-specific antibody (clone JBW301; Millipore) overnight at 4 C followed by incubation with an FITC-conjugated secondary antibody (Sigma) as previously described (30) . For quantification of gH2AX positivity, a gate was arbitrarily set on the control, untreated sample to define a region of positive staining for gH2AX of approximately 5%. This gate was then overlaid on the drug/radiation-treated samples. For pHistone H3 analysis, cells were processed as described above and then incubated with a rabbit anti-pHistone H3 (S10) antibody (Millipore) as previously described (31) . Samples for both analyses were stained with propidium iodide to measure total DNA content and analyzed on a FACScan flow cytometer (Becton Dickinson) with FlowJo software (Tree Star).
Immunoblotting
Whole-cell lysates were prepared in cold SDS lysis buffer (10 mmol/L Tris, 2% SDS) supplemented with PhosSTOP phosphatase inhibitor and Complete protease inhibitor cocktail tablets (Roche) as previously described (27) . The following antibodies were used: Cdk1, pCdk1 (Y15), GAPDH (Cell Signaling Technology), pHistone H3 (S10), PAR (Millipore), Wee1 (Santa Cruz Biotechnology), pRPA32 (S4/8) (Bethyl), and RPA32 (Abcam). Immunoblots were quantitated using ImageJ (NIH).
Homologous recombination repair
MiaPaCa-2 cells stably expressing a DR-GFP reporter plasmid (32) were used to measure HRR of a DNA DSB as previously described (6) . In brief, DNA DSBs were induced by adenoviral-mediated expression of the restriction enzyme I-SceI, which cleaves the defective DR-GFP gene. HRR of this break restores GFP expression. Beginning 18 hours posttransfection, cells were treated with drug for 24 hours. The extent of DNA DSB repair by HRR was then quantified by flow cytometric analysis of GFP expression.
Immunofluorescence
For immunofluorescent experiments, cells were grown and treated on coverslips in 12-well dishes. Following treatment, cells were fixed and stained as previously described (33) with a mouse monoclonal Rad51 antibody (GeneTex) and 4 0 ,6-diamidino-2-phenylindole (DAPI). Samples were imaged with an Olympus IX71 FluoView confocal microscope (Olympus America) with a 60Â oil objective. Fields were chosen at random based on DAPI staining. For quantitation of Rad51 foci, at least 100 cells from each of 3 independent experiments were visually scored for each condition. Cells with 5 or more Rad51 foci were scored as positive.
Irradiation
Irradiations were performed using a Philips RT250 (Kimtron Medical) at a dose rate of approximately 2 Gy/min in the University of Michigan Comprehensive Cancer Center Experimental Irradiation Core (Ann Arbor, MI). Dosimetry was performed using an ionization chamber connected to an electrometer system that is directly traceable to a National Institute of Standards and Technology calibration. For tumor irradiation, animals were anesthetized with isoflurane and positioned such that the apex of each flank tumor was at the center of a 2.4-cm aperture in the secondary collimator, with the rest of the mouse shielded from radiation.
Tumor growth studies
Animals were handled in accordance with protocols approved by the University of Michigan Committee for Use and Care of Animals. MiaPaCa-2 cells (5 Â 10 6 ) were suspended in a 1:1 mixture of 10%FBS-DMEM/Matrigel (BD Biosciences) and injected subcutaneously, bilaterally into the flanks of 3-to 5-week-old, female athymic nude mice (Harlan). Treatment was initiated when the average tumor volume reached 100 mm 3 and consisted of AZD1775 (60 mg/kg; twice daily; 1 hour pre-and 4 hours postradiation; Monday-Friday), olaparib (60 mg/kg, once daily, 1 hour pre-radiation; Monday-Friday), and radiation (1.8 Gy/fraction; Monday-Friday) for 1 cycle. AZD1775 was administered via oral gavage and olaparib was administered via intraperitoneal injection. Tumor size was measured 2 times per week. Tumor volume (TV) was calculated according to the equation: TV ¼ p/6 (ab 2 ), where a and b are the longer and shorter dimensions of the tumor, respectively. Measurements were made until day 90 or until the tumor volume increased by approximately a factor of 5.
Statistical analysis
Statistically significant differences for the clonogenic survival and immunofluorescence assays were determined by one-way ANOVA with the Tukey post-comparison test in GraphPad PRISM version 5 (GraphPad software). For HRR assays, the Student, 2-tailed t test was performed in GraphPad PRISM. For tumor growth experiments, the time required for tumor volume doubling was determined for each xenograft by identifying the earliest day on which it was at least twice as large as on the first day of treatment. The Kaplan-Meier method was used to analyze the doubling times. Log-rank test (PROC LIFETEST in SAS) was used to compare the doubling times between any 2 treatment groups. In addition, the Bayesian hierarchical changepoint model (34) was used to compare tumor regression rates, regression periods, and regrowth rates between any 2 treatment groups.
Results
To determine whether combined Wee1 and PARP inhibition might interact to enhance radiosensitization, we treated pancreatic cancer cells with AZD1775 and olaparib, small-molecule inhibitors of Wee1 and PARP1/2, respectively, under a treatment schedule optimized for radiosensitization with related inhibitors of the DNA damage response ( Fig. 1D ; ref. 23) . Treatment with non-toxic drug concentrations of either AZD1775 or olaparib for 1 hour before and 24 hours after radiation led to modest radiosensitization in both AsPC-1 and MiaPaCa-2 pancreatic cancer cell lines (Fig. 1A-C ). More importantly, the combination of AZD1775 and olaparib significantly radiosensitized both cell lines, with radiation enhancement ratios of 1.6 AE 0.2 and 1.6 AE 0.1 (P < 0.05), respectively. These data demonstrate that simultaneous inhibition of Wee1 and PARP improves radiosensitization over that afforded by inhibition of either Wee1 or PARP alone in pancreatic cancer cells.
To begin to establish the mechanisms of radiosensitization in response to combined inhibition of Wee1 and PARP, we first investigated the effects of AZD1775 and olaparib on their respective downstream targets, phosphorylated-Cdk1 (Y15) and PAR [poly (ADP-ribose)], in MiaPaCa-2 cells. As anticipated, olaparib (1 mmol/L) significantly decreased PAR levels, a result consistent with inhibition of PARPmediated protein poly-ADP-ribosylation, and AZD1775 (200 nmol/L) significantly reduced pCdk1 (Y15) levels, a result consistent with the inhibition of Wee1-mediated phosphorylation at this site (Fig. 2) . The redistribution of Cdk1 from an inactive, Y15-phosphorylated form to the dephosphorylated and presumably active form, corresponded with an increase in levels of the mitotic marker, pHistone H3, in AZD1775-treated cells. Interestingly, AZD1775 also caused a significant increase in PAR levels in response to radiation (16 hours post-radiation; Fig. 2B ), suggesting that prolonged Wee1 inhibition following radiation increases PARP activity. Because Wee1 inhibition has previously been shown to cause aberrant replication origin firing leading to replication stress (11), we examined the effects of AZD1775, olaparib, and radiation on pRPA (S4/8) which accumulates on single-stranded DNA formed in association with replication stress and/or HRR-mediated resection of DNA DSBs (35, 36) . Consistent with the induction of replication stress by AZD1775, pRPA (S4/8) levels were increased in response to AZD1775 alone or in combination with olaparib and radiation at both early and late time points.
To further investigate the mechanisms of radiosensitization by combined Wee1 and PARP inhibition in MiaPaCa-2 cells, we next assessed the effects of AZD1775, olaparib, and 
Treatment schedule (8) and the data presented in Fig. 2 , we hypothesized that AZD1775-mediated Wee1 inhibition would abrogate the radiation-induced G 2 checkpoint. As expected, we found that AZD1775 alone increased mitotic entry and abrogated the radiation-induced G 2 checkpoint, as evidenced by an increase in pHistone H3-positive mitotic cells at the 6-hour time point and a redistribution of irradiated cells from G 2 to G 1 at the 16-hour time point ( Fig. 3; Supplementary Fig.  S1 ). In addition, we found that olaparib treatment prolonged the radiation-induced G 2 checkpoint at the 16-hour time point, as evidenced by an increase in the percentage of cells in G 2 and corresponding decreases in the percentages of cells in mitosis and G 1 . Importantly, AZD1775 given in combination with olaparib and radiation abrogated this G 2 checkpoint, as evidenced by an increase in the percentage of cells in mitosis and a redistribution of cells from G 2 to G 1 . In addition, assessment of sub-G 1 DNA content suggested that AZD1775 and olaparib do not induce apoptosis in response to radiation (Supplementary Fig. S2 ). Taken together, these data demonstrate that AZD1775 abrogates the G 2 checkpoint induced by the combination of olaparib and radiation and suggest that the G 2 checkpoint may be a mechanism of interaction between Wee1 and PARP inhibition on radiosensitization.
Given that abrogation of the G 2 checkpoint forces cells with incompletely repaired DNA damage to progress through the cell cycle with persistent, and often lethal, DNA damage (37), we next assessed the effects of AZD1775 and olaparib on radiation-induced DNA damage. In the absence of radiation, AZD1775 (alone or in combination with olaparib) caused a rapid (within 1 hour) induction of gH2AX, an established marker of DNA DSBs (38) in both MiaPaCa-2 and AsPC-1 cells (Fig. 4A and C) . This effect persisted throughout the drug-treatment period and is consistent with previous reports of replication stress and consequent Mus81-Eme1 endonuclease-induced DNA DSBs upon Wee1 inhibition (11, 12) . In response to pHistone H3 radiation alone, gH2AX levels peaked within 2 hours postradiation, with substantial resolution occurring by 6 hours and complete resolution by 24 hours in both cell lines ( Fig.  4B and D) . Treatment with AZD1775 led to persistent radiation-induced DNA damage in both cell lines evidenced by elevated gH2AX at 24 hours. More importantly, treatment with the combination of AZD1775 and olaparib resulted in significantly greater gH2AX at 16 and 24 hours post-radiation (compared with radiation alone) in AsPC-1 cells (Fig. 4B) . The effects of AZD1775 and/or olaparib on gH2AX were more pronounced in MiaPaCa-2 cells. While olaparib treatment caused a transient delay in the repair of radiation-induced DNA DSBs in MiaPaCa-2 cells (46% vs. 70% gH2AX-positive cells at 6 hours, radiation vs. olaparib þ radiation, respectively), gH2AX expression persisted for 24 hours post-radiation in cells treated with AZD1775. More importantly, the greatest levels of residual DNA damage were found in cells treated with the combination of AZD1775 and olaparib with radiation, a result consistent with the increased radiosensitization found in cells treated with this combination of agents. On the basis of our finding that Wee1 inhibition results in persistent radiation-induced DNA damage (Fig. 4) , and a previous study demonstrating a role for Wee1 in HRR (10), we next assessed the effects of AZD1775 on HRR in MiaPaCa-2 cells. Given the radiosensitizing efficacy of PARP inhibitors in DNA DSB repair-defective cells (20, 21) , we hypothesized that inhibition of HRR by AZD1775 may contribute to the greater radiosensitization afforded by combined Wee1 and PARP inhibition. Using MiaPaCa-2 cells transfected to express a reporter construct for homology-directed repair of an I-Sce1-induced DNA DSB (32), we found a concentration-dependent decrease in HRR activity with increasing, although nontoxic, concentrations of AZD1775 (Fig. 5A) . Consistent with previous reports, olaparib had no effect on either HRR activity or AZD1775-mediated inhibition of HRR ( Fig. 5B; refs. 23, 39 ). To further characterize the effect of Wee1 inhibition on HRR, we assessed the effects of AZD1775 on Rad51, a key intermediary in HRR (40) . Using immunofluorescent staining, we found significant Rad51 staining 24 hours after radiation in MiaPaCa-2 cells (Fig. 5C and D) . As expected, AZD1775 significantly inhibited this response (40% vs. 7% Rad51-positive cells in response to radiation vs. AZD1775 þ radiation, respectively, P < 0.05). Taken together, these data support the model that Wee1 inhibition by AZD1775 On the basis of the radiosensitization observed in vitro in response to Wee1 and PARP inhibition, we next addressed the question whether AZD1775 and olaparib would radiosensitize human tumor xenografts in vivo. Mice bearing subcutaneous MiaPaCa-2 tumor xenografts were treated daily with AZD1775, olaparib, and radiation for 1 cycle as depicted in Fig. 6A . We found that, in the absence of radiation, neither AZD1775 nor olaparib had a significant effect on tumor growth, although mice receiving AZD1775 tended to have slightly longer tumor doubling times (Fig. 6B-D) . In combination with fractionated radiation, AZD1775 produced significant radiosensitization, as evidenced by a 4-day delay in tumor doubling time relative to radiation alone (P < 0.05), whereas olaparib produced no radiosensitization. The combination of AZD1775 and olaparib, however, produced highly significant radiosensitization (P < 0.0001 vs. radiation alone) that was also significantly greater than that achieved by either AZD1775 (P < 0.002) or olaparib (P < 0.0001), with 9-and 16-day delays in tumor doubling time, respectively. In addition, within the AZD1775, olaparib, radiation treatment group, 3 tumors completely regressed during the first 2 weeks following therapy initiation and remained undetectable for the duration of the study (90 days; Fig. 6D ). Comprehensive statistical analysis of these data by the Bayesian hierarchical changepoint model (34) illustrated that the combination of AZD1775, olaparib, and radiation caused significant tumor regression for an average of 8 days (90% confidence interval, 3-14 days), whereas other treatments resulted in either stable disease (AZD1775 þ radiation) or growth during treatment (radiation and olaparib þ radiation). Furthermore, analysis with this model revealed that tumors treated with the combination of AZD1775, olaparib, and radiation had significantly slower tumor regrowth rates following the regression period, than tumors from other radiation treatment groups. Finally, treatment with the combination of AZD1775, olaparib, and radiation caused no obvious systemic toxicity as assessed by weight loss (Supplementary Fig. S3 ). Taken together, these in vivo data indicate that AZD1775 and olaparib are well tolerated when administered together and produce highly significant radiosensitization in human pancreatic tumor models.
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Discussion
In this study, we have found that combined inhibition of Wee1 and PARP produces significantly more radiosensitization in pancreatic cancer cells than inhibition of either Wee1 or PARP alone. Mechanistically, we show that Wee1 inhibition by AZD1775 both inhibits HRR as well as abrogates a prolonged G 2 checkpoint induced by the combination of olaparib with radiation. These findings suggest that Wee1 and PARP inhibitors interact to affect both HRR and the G 2 checkpoint leading to dramatic radiosensitization. Consistent with this hypothesis, we observed little to no radiosensitization of pancreatic tumors by PARP inhibition alone, but substantial radiosensitization resulting in some durable, complete tumor regressions when PARP inhibition was combined with Wee1 inhibition. Taken together, our data suggest that the combination of PARP inhibitors with targeted agents that impair HRR and/or abrogate the Treatment schedule Figure 6 . Radiosensitization of pancreatic tumor xenografts by combined treatment with AZD1775 and olaparib. Athymic nude mice bearing bilateral flank MiaPaCa-2 xenografts were treated with AZD1775 (60 mg/kg; twice daily; 1 hour pre-and 4 hours post-radiation (RT); Monday-Friday), olaparib (60 mg/kg, once daily, 1 hour pre-radiation; Monday-Friday), and radiation (RT; 1.8 Gy/fraction; Monday-Friday) for one cycle as illustrated (A). B, tumor volumes were normalized to the first day of treatment (day 0) and are the mean AE SE of 10 to 16 tumors per treatment group. Data shown are for the latest time point (17-42 days) before censoring occurred because animals were removed from study due to tumor burden. C, the median time required for tumor volume doubling is illustrated with lower and upper limits in parentheses. Statistical significance (P < 0.05) is indicated versus control Ã , radiation checkpoint may induce synthetic lethality in combination with radiation. Radiosensitization by PARP inhibitors such as olaparib is thought to be mediated by inhibition of base excision repair, resulting in delayed repair of SSBs that upon collision with progressing replication forks are converted to 1-ended DNA DSBs that in turn require homologous recombination for repair. Supporting this model, PARP inhibition in combination with radiation produces greater growth inhibition in BRCA2-deficient than in BRCA2-proficient breast cancers (21) . In addition, radiosensitization by PARP inhibition is enhanced in the context of a variety of DNA DSB repair deficiencies, including those involving Artemis, Ligase IV, and ATM (20) . Consistent with these reports, we found that olaparib produced little to no radiosensitization in pancreatic cancer cells and tumors with intact DNA DSB repair. However, radiosensitization was significantly increased when olaparib was combined with the Wee1 inhibitor AZD1775, which is likely attributable to the HRR inhibition and G2 checkpoint abrogation induced by AZD1775. Although HRR inhibition represents a plausible mechanism of interaction between PARP and Wee1 inhibitors, G 2 checkpoint abrogation may also be a key mechanism as repair of the 1-ended DNA DSBs induced by PARP inhibition likely proceeds with slower kinetics that would require an intact G 2 checkpoint to accommodate the DNA DSB repair process. The current model suggests that for tumors without innate DNA DSB repair defects, maximal radiosensitization by PARP inhibitors will require the addition of a second agent to inhibit the DNA damage response.
In addition to effects on the G 2 checkpoint and HRR, Wee1 and PARP may also interact to regulate replication stress. Wee1 inhibition or depletion has been shown to cause replication stress resulting from deregulated Cdk1 activity, increased origin firing, subsequent nucleotide depletion, and slowed replication fork progression (11, 12) . In addition, Wee1 negatively regulates the Mus81-Eme1 endonuclease. Thus, another consequence of Wee1 inhibition by AZD1775 would be Mus81-Eme1-mediated DNA DSBs at sites of aberrant replication structures (41) . These studies are consistent with our finding that AZD1775 causes an early increase in the levels of pRPA (S4/8) and gH2AX, markers of replication stress and DNA DSBs, respectively (Figs. 2 and 4) . PARP inhibition may also be detrimental to cells encountering replication stress, as PARP functions at sites of stalled replication forks to mediate replication restart and to protect stalled forks from Mre11-mediated degradation (42, 43) . Taken together, these findings suggest that PARP activity may mitigate the effects of replication stress induced by Wee1 inhibition. Future studies are required to determine whether replication stress contributes to radiosensitization following Wee1 and PARP inhibition.
Although this is the first study to investigate the combination of Wee1 and PARP inhibitors, significant interest lies in finding combinations of drugs that cooperate to induce synthetic lethality selectively in cancer cells. Others have investigated the combination of Chk1 and Wee1 inhibitors and demonstrated synergistic effects on DNA damage, apoptosis, and cytotoxicity in tumor cells (17, 18) . In addition, we observed dramatic radiosensitization of tumor cells in response to combined Chk1 and Wee1 inhibition. This radiosensitization, however, was accompanied by substantial cytotoxicity (5). Thus, although combined inhibition of Chk1 and Wee1 represents a highly active therapy in tumor cells, the normal tissue toxicity and mechanisms of tumor cell selectivity have not yet been established, as TP53 mutation does not appear to confer selectivity (17) . Furthermore, the combination of Chk1-and Wee1-targeted agents appears to require dose de-escalation to approximately half of the maximum tolerated doses for each of the single agents (44) . In contrast, our group has previously shown that combined inhibition of Chk1 and PARP results in preferential radiosensitization of TP53-mutant cancer cells, with little to no cytotoxicity or radiosensitization of normal cells (23) . This selectivity is likely related to the ability of cells with intact p53 to arrest in G 1 and repair DNA damage through non-homologous end joining negating the effects of both G 2 checkpoint abrogation (45) and HRR inhibition (46) , respectively. On the basis of the similarities between Chk1 and Wee1, both of which when inhibited selectively sensitize TP53-mutant tumor cells (14, 15) ; it is likely that TP53 mutation is also a mechanism of tumor cell selectivity for the combination of Wee1 and PARP inhibitors. The tumor cell selectivity of Wee1 and PARP inhibitors is suggested in the present study by the tolerability of the combination of agents at the doses previously established for the single agents (8, 47) . In future studies, it will be important to further evaluate the mechanisms of tumor cell selectivity and the therapeutic indices of these novel agent combinations.
Chemoradiation is the standard therapy for the majority of inoperable, locally advanced cancers. The addition of molecularly targeted agents to chemoradiation represents a promising strategy for improving chemoradiation efficacy and is the focus of our current clinical trial combining AZD1775 with gemcitabine-radiation in patients with locally advanced pancreatic cancer. In general, however, chemoradiation therapy is associated with considerable toxicity. This limitation motivates the investigation of novel combinations of targeted agents which may be less toxic than chemotherapy, in lieu of chemotherapy in chemoradiation regimens (5) . Whether novel combinations of targeted agents could ultimately replace cytotoxic chemotherapy in chemoradiation regimens requires extensive investigation. Initial clinical studies in breast cancer, however, have shown that combinations of targeted agents can approach the efficacy of chemotherapy (48) . In addition, the findings presented in this study demonstrate tumor radiosensitization by combined Wee1 and PARP inhibition that is greater than that achieved in our previous studies by chemoradiation only but comparable to that achieved by combining a single targeted agent with chemoradiation in similar pancreatic tumor models (6, 7) . While it is an intriguing concept that combinations of targeted agents with radiation might someday alleviate the need for conventional chemotherapy in chemoradiation regimens, the development of these therapies will require careful preclinical investigation in future studies.
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